Formaldehyde is commonly used to overcome contaminants introduced by hatching eggs or water supply in the hatcher cabinets. However, health risks associated with its use make economical alternatives important. This project evaluated a chlorine dioxide based product (CDBP) (0.3% concentrate) as a hatchery sanitizer in decontaminating microbial populations on the shell surface of hatching eggs (>18 d old), as well as its impact on hatchability and chick performance. Hatchers (0.20 m 2 ) designed to hold approximately 50 eggs and equipped with circulation fans, heaters, and thermostats were used for the evaluation. For each of the 2 trials conducted, 450 hatching eggs were obtained and incubated in a common setter. Eggs used in trial 1 were floor eggs whereas in trial 2 nest eggs were used. On d 18 of incubation, eggs were removed from the setter, and viable eggs were randomly allocated to 9 hatchers. Pre-treatment egg rinse samples (10 eggs per hatcher) were collected for initial microbial analysis. Three hatchers were treated with CDBP and 3 hatchers with a formaldehyde based product (FBP). Three untreated hatchers served as control (C). Prior to hatch, 10 eggs/incubator, not previously rinsed, were used for post treatment microbial counts. The hatched chicks were reared until d 21 in floor pens with a common starter diet. For the CDBP treated eggs, hatchability and chick performance (weight gains, mortality, and FCR on d 7 and d 21) were similar to the other treatments. The application rate of CDBP evaluated in this study was not an effective antimicrobial alternative to formaldehyde for sanitizing hatching eggs in hatcher cabinets prior to hatch.
INTRODUCTION
Hatcheries benefit from sanitized water supplies because the water is warmed and slow moving, creating a perfect environment for microbial blooms that are then "fogged" into hatcher cabinets where newly hatched chicks can inhale or ingest the contaminants. Formaldehyde effectively overcomes contaminants introduced by the eggs (Williams, 1970) or water supply in this environment but health risks associated with its use make economical alternatives highly desired (EPA, 1999) .
Various other disinfectants have been tested as hatching egg sanitizers with an attempt to overcome formaldehyde use. Ozone, 1.5 to 1.65% by weight, was tested by Whistler and Sheldon (1989a) , using a prototype laboratory poultry setter. Other sanitizers tested as hatching egg disinfectants include H 2 O 2 5% vol/vol (Sheldon and Brake, 1991) , quaternary ammonium spray 1.5 or 3% (Brake and Sheldon, 1990) , UV irradiation (254 nm) using maximum of intensity of 14 mW/cm 2 (Coufal et al., 2003) , and spraying of acidic electrolyzed oxi-C 2016 Poultry Science Association Inc. Received January 7, 2016. Accepted October 23, 2016. 1 Corresponding author: pmaharja@uark.edu dizing water (Fasenko et al., 2009 ). These disinfectants tested were found to be beneficial, but not to the extent that they can serve as an alternative to formaldehyde. Therefore, the industry is continuously exploring different classes of disinfectants that can completely substitute formaldehyde use as a hatching egg disinfectant. This study tested the possibility of aqueous chlorine dioxide as a potential hatching egg disinfectant.
In large scale, aqueous chlorine dioxide can be obtained by reaction of sodium chlorite (NaClO 3 ) with hydrochloric acid (HCl) (Simpson et al., 1993) . The chlorine dioxide produced remains as a chlorite (ClO − ) radical, which is an oxidant molecule (EPA, 1999) involved in killing microbes by disrupting the membrane permeability . Studies have shown that water pH has a limited impact on chlorine dioxide efficacy (Benarde et al., 1965) unlike chlorine (Galal-Gorchev, 1996; Park et al., 2004) . This also allows the potential use of chlorine dioxide as 560 a hatchery water sanitizer for fogging inside hatchers. Other benefits of chlorine dioxide include its capability to oxidize iron, manganese, and sulphides and remove odor associated with decaying vegetation and phenolic compounds in water (Aieta and Berg, 1986; EPA, 1999) . It has been shown to possess high disinfecting efficacy even in the presence of organics (Alliger, 2001) , a desirable trait for use in hatcher cabinets. Besides, chronic exposure of chlorine dioxide has not been associated with personnel risk or human carcinogenicity (EPA, 1996) .
In this study, a 0.30% aqueous chlorine dioxide based product (CDBP) was evaluated as a hatching egg sanitizer and compared to a formaldehyde based product (FBP). The study objectives included: 1) evaluating 2 dosage rates of the product for microbial efficacy when applied on to hatching eggs, and 2) monitoring if the use of the product has any impact on hatchability and bird performance.
MATERIALS AND METHODS
The University of Arkansas (U of A) poultry research farm and lab facilities were the sites of the evaluation and research was approved by IACUC. Small incubators (Hova Bator model-1602 N, GQF Manufacturing Company Inc., 2343 Louisville Rd. Savannah, GA) designed to hold approximately 50 eggs and equipped with circulation fans, heaters, and thermostats were used for the evaluation. For each trial, 500 hatching eggs, enough to attain 450 viable eggs at d 18 of incubation, were obtained from a broiler breeder farm, transported to the U of A facility, and stored at 67
• F (19. 4
• C) until set. Floor eggs (within 24 h post hatch) were used for trial 1, whereas for trial 2, nest run eggs (within 24 h post hatch) were utilized. The eggs were placed onto setter trays on the racks. The eggs were incubated for 18 d, pulled out on the 18th d, and candled to assure viable embryos. Four-hundred-fifty viable eggs were collected and were randomly distributed among 9 incubators (3/treatment) set at 98
• F (36
. Each incubator received 50 eggs.
Pre-treatment Egg Rinse Sample Collection
Immediately after placement of eggs into the test incubators, 10 eggs were randomly selected, then individually placed into 25 mL of buffered phosphate diluent (BPD) in a sterile whirlpak bag, gently rinsed, and agitated for 15 seconds. The egg was then removed from the BDP rinse, dried, and returned to the appropriate incubator. The eggs used for pre-treatment rinsing were marked so that they were not sampled again post sanitizer treatment. The BPD rinse samples were taken to the lab within an h of collection and cultured for aerobic plate bacteria (APC) and mold using 3M 
Rinse Sample Plating
One mL of each rinse sample was directly plated on the petrifilm and an additional mL was subjected to serial dilutions in 9 mL of sterile BPD, up to third dilution level for APC and second dilution level for mold. Each dilution was plated in duplicates and enumeration of colonies (in colony forming units [cfu] ) was carried out after 48 h of incubation at 30
• C for APC and after 72 h at room temperature (RT) for molds.
Sanitizer Treatment
After the collection of pre-treatment rinse samples, eggs were treated with sanitizers. Three untreated incubators served as control (treatment 1). Three of the incubators were treated with FBP (treatment 2) and 3 were treated CDBP (treatment 3).
Application Rate of Sanitizers
Formaldehyde Based Product A total of 3 doses was given at 12 h intervals, the first dose starting on d 18 of incubation after initial egg rinse samples were taken. The concentration of formaldehyde produced inside the hatchers was based on 3 mL of 37% formaldehyde added to 59.14 mL of autoclaved municipal water (cooled at RT before use) into an open container (weigh boat of size 3 x 2 x 1 ) and the formaldehyde was allowed to dissipate into the incubator.
Chlorine Dioxide Based Product Trial 1 and trial 2 had different rates of application. In trial 1, a total of 2 doses of CDBP was given at 12 h intervals with the first dose starting on d 18 of incubation, and during the same time when FBP was given. At each time point, CDBP was applied at the rate of 59.14 mL product (0.30% chlorine dioxide) per incubator by spraying it evenly over the eggs. In trial 2, dosing frequency of CDBP remained the same but the application method and dosage level (increased to twice the level as used in trial 1) were altered. At each time point, CDBP was applied by soaking a dry sterile sponge (approx. size 3 x 2 x 1 ) with the product at the rate of 118.29 mL per incubator, and this was then allowed to dissipate inside the incubator.
Application of sanitizers was stopped 36 h before the completion of hatching/d 21 for both trials. Temperature and humidity inside all the incubators were constantly monitored throughout the hatch process. The humidity was maintained in the range of 50 to 55% in all treatments except for a few h in CDBP treated incubators, where it increased up to 85% during the h following application. 
Post-treatment Egg Rinse Sample Collection
At 20 d of incubation, 10 eggs per incubator that showed no signs of piping and that had not been previously rinsed were aseptically removed. Each egg was individually rinsed in BPD following same procedure as described earlier and returned to the incubators for the remainder of the incubation process. Rinsed samples were plated and enumerated for APC and mold counts following the same methods described for pre-treatment rinse samples.
Hatchability and Performance
At 21 d when the hatch process was complete, the hatched chicks were removed. Hatchability difference between rinsed and non-rinsed eggs was not significant. Hatched chicks were counted to determine percent hatch and then group placed (by incubator) into floor pens where they received a common starter diet (Table 1) . On the d of hatch, 6 birds per treatment were sacrificed and tracheal samples were collected in 10% buffered formalin for histopathology. Chicks were weighed at d 7 and 21 of age and body weights recorded.
Data Analysis
Results were analyzed using least square means of GLM procedure of SAS (SAS, 2012. SAS Institute. Inc. Cary, NC). All microbial counts were converted to log 10 units before analysis. Means were separated using the repeated t-test and differences were considered significant when P ≤ 0.05.
RESULTS
Sanitizers tested were evaluated based on microbial reduction in egg rinse samples, hatch of fertile eggs, and growth performance of the chicks. Table 2 gives the average APC and mold counts of pre-and post-treatment egg rinse samples, respectively, for trial 1. The APC in pre-treatment egg rinse samples for all treatments had similar counts (P > 0.05) of more than 4 log 10 cfu/mL. Post treatment, control did not change (P > 0.05), whereas aerobic plate counts for FBP treated samples decreased (P < 0.05) to 3.77 log 10 cfu/mL. In the case of CDBP treated samples, APC increased (P < 0.05) to more than 5 log 10 cfu/mL. The initial mold counts (above 2 log 10 cfu/mL for both treatments) were reduced significantly (P < 0.05) after egg sanitization, but did not change in control (P > 0.05). Table 3 gives the average APC and mold counts of pre-and post-treatment egg rinse samples, respectively, for trial 2. Since floor eggs were not used this time, eggs were initially cleaner than those in trial 1. Pre-treatment APC counts for egg rinse samples were less than 3 log 10 cfu/mL for all treatments. Posttreatment APC did not show any significant changes with FBP, but with the CDBP, the counts were significantly higher after treatment (P < 0.05). Mold counts were less than half a log 10 cfu/mL in pretreatment egg rinse samples, which was then reduced to almost zero cfu/mL post treatment with FBP and CDBP. Table 4 represents the hatchability recorded for trial 1 and trial 2. Trial 1 hatchability was around 60% for all treatments (P > 0.05) with maximum SEM hatchability difference between incubators in a treatment being 8.23%. Hatchability in trial 2 was 90% and above for all Table 2 . Trial 1. Average (Mean ± SEM) aerobic plate counts (cfu/mL) and mold counts (cfu/mL) of pre-and post-treatment egg rinse samples. 1 All the hatched chicks were counted post hatch and hatchability was determined (n = 150 for all treatments). Differences (P > 0.05) across treatments in hatchability percentage were not observed for both the trials.
Pre-and Post-treatment Egg Rinse Microbial Results

Hatchability
2 FBP: Formaldehyde based product. 3 CDBP: Chlorine dioxide based product. treatments (P > 0.05), with maximum SEM hatchability difference between incubators in a treatment being 2.72%. Hatchability was not affected by application of sanitizers. Table 5 shows the average weight gain per bird for d zero to 7 and d zero to 21 for both trials. No differences were observed for gains between treatments. No differences were found in feed conversions (data not shown).
Body Weight and FCR
Tracheal Histology
Histological sections of tracheal tissue were observed under light microscope for any changes in the structure of columnar epithelium and cilia. Microscopy revealed desquamation of tracheal epithelium was prominent in the FBP treated eggs as compared to CDBP treatment (Figure 1) . Control birds had intact columnar epithelial lining. However, cilia damage or deciliation of the epithelium was not observed with the intact or disintegrated epithelial cells in all the treatments.
DISCUSSION
Minimizing microbial contamination of hatching egg shells is an important practice for reducing introduction of human enteric pathogens into poultry grow-out facilities (Berrang et al., 2000) . Patterson et al. (1990) investigated the use of chlorine dioxide foam in sanitizing hatching eggs and suggested its use as a viable alternative. In this study, an aqueous form of chlorine dioxide was tested both as a spray and then placed in a dish and allowed to evaporate within the incubator; however, it did not exhibit beneficial effects for its potential use as hatchery egg disinfectant. The bacterial increase in the egg rinse samples recovered after chlorine dioxide treatment was not anticipated and it occurred in both the trials conducted. The stable nature of chlorine dioxide, and thus compromised efficacy, has been reported in its dilute solution if kept in a closed container in absence of light (Warf, 1999) . Hatcher environment used in the trials possibly simulated this condition. Further, the moisture from the application of the chlorine dioxide straight onto the eggshell surfaces did result in a higher humidity level within the incubators, which could possibly provide a favorable environment for microbes to thrive, particularly if the sanitizer is compromised. In the trial 1 study, the formaldehyde treatment in the presence of high microbial load on eggshell surfaces showed reduction in microbial counts and these results are in agreement with those observed in various other studies (Sheldon and Brake, 1991; Whistler and Sheldon, 1989b) .
Histology of tracheal samples in this evaluation revealed the damaging nature of formaldehyde on tracheal epithelium of chicks post hatch. While application was done prior to hatch, residual formaldehyde was most likely present during the hatching process. Studies have shown that the use of formaldehyde fumigation during incubation of hatching eggs does impact tracheal histology, which agrees with the results of this study. Hayretdag and Kolankaya (2008) reported that the tracheal epithelium has shorter and fewer numbers of cilia when observed under transmission electron microscopy. Damage done to columnar epithelium in tracheal samples post hatch was minimal in the chlorine dioxide treated chicks. A study conducted in rats, showed that the chronic exposure of low level chlorine dioxide has been shown to be safe without respiratory damage, and without compromise in body weight and performance as found in this study (Akamatsu et al., 2012) .
Hatchability can be affected by various factors including the hygiene condition of eggs and thus could differ with floor eggs and nested eggs (King'ori, 2011; Bartolo-Guerrero et al., 2015) . In this study, poor hatchability with floor eggs was noted. However, there were no hatchability differences between treated and untreated eggs, as observed in some other trials (Ernst et al., 1974; Bourassa et al., 2002; Musgrove et al., 2014) .
To summarize the findings of this evaluation: 1) Negative performance impacts in birds were not observed when formaldehyde or chlorine dioxide based sanitizers were applied to hatching eggs during late incubation. 2) As compared to FBP, CDBP did not show a positive impact in reducing the microbial loads on hatching eggs at the tested doses. However, different methods of application of chlorine dioxide treatment other than methods used in this study can be considered in future studies in order to evaluate its efficacy as a hatching egg disinfectant. 3) Floor eggs were found to have higher microbial levels in their shell surfaces than nest eggs, and this could create a greater contamination risk and lower hatchability.
